Abstract: Chronic lymphocytic leukemia (CLL) is the most common adult leukemia. The current treatment paradigm involves the use of chemoimmunotherapy, when patients develop an indication for therapy. With this strategy, a majority of patients will obtain a remission, though cure remains elusive. While treatable, the majority of CLL patients will die of complications of their disease. Recent advances in the understanding of the importance of the B cell receptor (BCR) pathway in CLL have led to the development of a number of agents targeting this pathway. In this review, we discuss recent developments in the targeting of the BCR pathway, with a focus on CC-292. CC-292 covalently binds to Bruton's tyrosine kinase, a key mediator of BCR signaling, and has demonstrated preclinical and clinical activity in CLL, with acceptable tolerability. Based on the success of CC-292 and other inhibitors of the BCR pathway, these agents are being investigated in combination with standard therapy, with the hope that they will increase the depth and length of response, without significant toxicity.
Introduction
Chronic lymphocytic leukemia (CLL) is the most common adult leukemia, with an estimated incidence in the United States of 15,680 in 2013. 1 The disease is characterized by the proliferation and accumulation in the periphery, lymph nodes, and bone marrow, of a clonal B cell population expressing cluster of differentiation (CD5), CD19, and CD23. 2 The course of the disease is highly variable, and while many patients may go for years from diagnosis until treatment, the majority of patients will eventually die of complications related to CLL.
Patients with an indication for treatment, as defined by the 2008 International Workshop on CLL Guidelines, 3 are usually managed with chemoimmunotherapy, most commonly with rituximab in combination with fludarabine and cyclophosphamide (FCR), 4, 5 or rituximab in combination with bendamustine (BR). 6 While a majority of patients will respond to upfront treatment (95% overall response rate with FCR), the disease will invariably recur. At recurrence, patients are retreated with their initial regimen, if the response duration was sufficient, or receive a different, second-line regimen. The cumulative effects of persistent CLL and recurrent therapy result in an increased risk of infection, the leading cause of death in CLL. With the above strategy, CLL can be controlled, but toxicity related to therapy can be significant, and cure remains elusive. The only current therapy that results in long-term remission is the use of allogeneic bone marrow transplantation. 7 However, the morbidity and mortality 
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Arnason and Brown of allogeneic transplantation is prohibitive, and its use is generally limited to patients with high-risk cytogenetics or very refractory disease. New targeted therapies for CLL with limited toxicity are needed to better treat this chronic condition. The recent evolution of treatment in many other malignancies has been the use of rationally designed agents that target the cell signaling pathways essential to tumor growth. The B cell receptor signaling pathway (BCR) represents an exciting potential target in CLL. Signaling through the BCR is thought to be deregulated in CLL and a key mediator of CLL survival and proliferation. 8 In this review, we will examine the role of BCR signaling in CLL and the development of recent therapies targeting BCR signaling, with a focus on CC-292, a specific inhibitor of Bruton's tyrosine kinase (BTK), currently being investigated in CLL and other B cell lymphoproliferative disorders.
B cell receptor signaling background
BTK is an essential mediator of BCR signaling, expressed in normal healthy B but not T lymphocytes. 9 Mutation in BTK results in the human primary immune deficiency disease, X-linked agammaglobulinemia (XLA). 10 The B cells in patients with XLA cannot differentiate, resulting in a reduction of mature B cells and the inability to produce immunoglobulins. This disease demonstrates the necessity of BTK in B cell development and function. In healthy B cells, antigenic stimulation of the BCR results in CD79a-and CD79b-recruitment, and activation of the spleen tyrosine kinase (SYK) and LYN kinases, which phosphorylate immunoreceptor tyrosine-based activation motifs (ITAMs) on the cytoplasmic immunoglobulin domains of the receptor. ITAM phosphorylation begins a cascade of activation, including the activation of BTK and phosphoinositide 3′-kinase (PI3K). Activated BTK phosphorylates, and thereby activates, phospholipase C gamma 2 (PLCγ2), which, through multiple mediators, promotes the downstream release of intracellular Ca 2+ stores and propagation of the BCR signal, resulting in increased proliferation, survival, and avoidance of apoptosis. These processes are mediated by the upregulation of transcription factors, including nuclearfactor κB (NF-κB), resulting in a number of cellular processes, including proliferation, chemokine-mediated migration, and integrin activation ( Figure 1 ).
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CLL is dependent on signaling through the BCR for the avoidance of apoptosis and promotion of proliferation and activation. The mechanism by which BCR signaling Figure 1 Antigenic stimulation of the BCR recruits CD79a and CD79b, and activates SYK and LYN kinase, resulting in the phosphorylation of cytoplasmic ITAMs on the immunoglobulin domains of the receptor. The ITAM phosphorylation begins a cascade of activation involving BTK and PI3K. Activated BTK promotes the downstream release of intracellular Ca 2+ stores and propagation of the BCR signal, resulting in increased proliferation, survival, and avoidance of apoptosis, mediated by the upregulation of transcription factors, including NF-κB. Abbreviations: BCR, B cell receptor signaling pathway; BTK, Bruton's tyrosine kinase; CD, cluster of differentiation; ITAM, immunoreceptor tyrosine-based activation motif; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor-kappa B; PI3K, phosphoinositide 3′-kinase; PLCγ2, phospholipase C gamma 2; SYK, spleen tyrosine kinase.
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B cell receptor pathway in chronic lymphocytic leukemia is activated remains to be determined, but there may be antigen-independent 12 and -dependent pathways, 13−16 secondary to microbial or autologous antigens. Consistent with this hypothesis, in about one-third of CLL cases, there is a limited repertoire of B cell receptors. 17, 18 In addition to its role in B cell survival, BTK is involved in pathways of B cell migration, through the expression of the adhesion molecules chemokine receptor (CXCR)4 and CXCR5 and their interaction with the chemokines CXCL12 and CXCL13, respectively. 19 BTK is important for the activation of integrin-mediated adhesion, which promotes the migration of B cells into the lymph node follicles and germinal center organization. 20 Because of its central role in BCR signaling and importance for B cell development and function, BTK has been identified as a promising target for drug development in both B cell malignancies and autoimmune diseases.
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Targeting BCR in CLL
In the last 5 years, many new agents targeting the BCR pathway have been investigated in clinical trials for CLL ( Figure 2 ). Here we briefly summarize the most recent data related to many of these agents. All of these agents have demonstrated reasonable toxicity and clinical responses in CLL patients.
Ibrutinib
Ibrutinib targets BTK and has been investigated clinically in a number of B cell malignancies. Ibrutinib binds covalently to cysteine-481 in the active site of BTK, inhibiting its activity at a half maximal inhibitory concentration (IC 50 ) of 0.5 nM. 22 In addition to its inhibitory activity against BTK, ibrutinib has shown measurable activity against 19 other kinases. 22 In a biochemical study, ibrutinib has demonstrated strong inhibition of Tec family members with a cognate cysteine as well as significant inhibition, likely noncovalent, of a number of kinases that do not have a cognate cysteine (Table 1 ). In a cellular study, ibrutinib appeared to selectively inhibit BTK, consistent with preferential covalent binding to BTK. In an in vitro study, ibrutinib decreased CLL migration, had a small effect on stimulated CLL proliferation, and demonstrated improved survival in a CLL animal model. 23 In the initial Phase I trial of ibrutinib, 56 patients with B cell malignancies, including CLL, were enrolled to receive treatment with either intermittent dosing (28 days on, 7 days off) or continuous dosing. The agent was well tolerated, with no dose limiting toxicities. In the 14 patients with CLL, the overall response rate (ORR) was 79%. 24 Given the success of the Phase I trial, ibrutinib is being investigated as a single agent in relapsed and refractory CLL and in combination studies with rituximab (NCT01520519), 25 lenalidomide (NCT01886859), 26 BR or FCR (the FCR arm closed early due to poor accrual after only three patients were enrolled) (NCT01611090), 27, 28 and ofatumumab (NCT01217749). 
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Figure 2
The BCR pathway has been targeted in CLL, at multiple different sites. Abbreviations: BCR, B cell receptor signaling pathway; BTK, Bruton's tyrosine kinase; CD, cluster of differentiation; CLL, chronic lymphocytic leukemia; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3′-kinase; PLCγ2, phospholipase C gamma 2; SYK, spleen tyrosine kinase; NF-κB, nuclear factor-kappa B.
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Arnason and Brown refractory CLL were reported in the New England Journal of Medicine. 30 A total of 85 patients were enrolled. The toxicity was modest, with the majority of adverse events being grade 1 or 2 including diarrhea, fatigue, and upper respiratory infections. Only two patients stopped treatment related to toxicities. The overall response rate (ORR) was 71%, with an additional 18% of patients obtaining a partial nodal response, with lymphocytosis. The responses did not vary according to the traditional high-risk prognostic features. While the responses have been significant, several patients have developed resistance to ibrutinib. Ribonucleic acid (RNA) and whole-exome sequencing performed on patients progressing after ibrutinib demonstrated singlenucleotide variations at cysteine 481 on BTK (the binding site of ibrutinib) and a potential gain of function in PLCγ, downstream of BTK. 31 One interesting aspect of the responses to ibrutinib in CLL was a transient lymphocytosis observed in the setting of decreasing lymphadenopathy. It is thought that BTK inhibition results in a migration of CLL cells from the protected lymph node 32 and bone marrow niches into the periphery, where the cell survival is shortened. This phenomenon has been observed, to a greater or lesser degree, with all agents targeting the BCR signaling pathway and has led to efforts to refine the definition of response in CLL to include a category for partial response (PR) with lymphocytosis, to account for this phenomenon. 33, 34 Based on the promising early experiences with ibrutinib in CLL and mantle cell lymphoma, on July 10th, 2013, a New Drug Application was submitted to the Food and Drug Administration (FDA) for use in patients with relapsed and refractory CLL and previously treated mantle cell lymphoma. Additionally, CLL with the high-risk deletion of 17p has been granted breakthrough designation by the FDA.
Idelalisib
The delta isoform of PI3K is selectively expressed in hematopoietic cells and has increased enzymatic activity in CLL. Idelalisib, a PI3K delta specific inhibitor, has demonstrated significant in vitro inhibition of PI3K in CLL, leading to apoptosis of ex vivo CLL cells. 35, 36 Data from a Phase I trial in 54 patients with relapsed and refractory CLL demonstrated a nodal response rate of 81%, with an ORR of 72%: 39% with a PR and 33% meeting the revised criteria of PR with treatment-induced lymphocytosis. 37 Idelalisib has been investigated in Phase I combination trials with bendamustine with or without rituximab, with nodal responses in 82%−87% of patients, 38 as well as in combination with ofatumumab and with chlorambucil. Ongoing Phase III trials are investigating idelalisib in combination with rituximab versus rituximab alone (NCT01539512), 39 in combination with ofatumumab versus ofatumumab alone, and in combination with BR versus BR alone (NCT01569295). 40 
SAR245409
SAR245409, a pan PI3K inhibitor and mammalian target of rapamycin (mTOR) inhibitor, is being investigated in a Phase II clinical trial in CLL and follicular and other non-Hodgkin lymphomas, and has demonstrated acceptable tolerability. 41 
IPI-145
IPI-145, a gamma-and delta-specific PI3K inhibitor, is being investigated in a Phase I trial in patients with advanced hematologic malignancies, and in a preliminary analysis, IPI-145 appeared to be well tolerated, with a nodal or PR in nine of eleven (82%) CLL patients. 42 Dasatinib LYN, the switch molecule that couples the B cell receptor to downstream signaling, is overexpressed in CLL and appears to be constitutively active. 43 Fifteen CLL patients who had failed at least one fludarabine-containing regimen were enrolled to treatment with dasatinib, in an effort to target LYN. A PR was noted in three patients (20%), and five additional patients had nodal responses. Pharmacodynamic studies indicated apoptosis in the peripheral blood CLL cells, with an associated downregulation of spleen tyrosine kinase (SYK). 
In vitro experience
In vitro studies have demonstrated that CC-292 is a potent, selective inhibitor of BTK. 47 Biochemically, CC-292 was tested against full-length recombinant BTK, using the Omnia ® (Life Technologies, Carlsbad, CA, USA) kinase assay to measure CC-292's effect on BTK kinase activity and demonstrated an IC 50 of less than 0.5 nM. The inhibitory activity against BTK was significantly greater than the activity against other kinases in the BCR signaling pathway and appeared to have greater specificity for BTK than did ibrutinib (Table 1 ). Using multiple cell lines, CC-292 demonstrated dose-dependent inhibition of BTK phosphorylation and inhibition of phosphorylation of the BTK substrate PLCγ2. In the cellular setting, CC-292 was found not to inhibit several other kinases, including epidermal growth factor receptor (EGFR), Janus kinase 3 (Jak3), and IL-2 inducible T cell kinase (ITK). 48 Cells from the Ramos lymphoma cell line, which expresses an intact BCR signaling pathway, were treated with increasing concentrations of CC-292 for 1 hour and lysed, and the percent occupancy of BTK was determined with enzymelinked immunosorbent assay (ELISA) by using a specific biotinylated probe for uninhibited BTK. The concentration of CC-292 required for 50% occupancy was 5.9 nM, which correlated with the concentration needed for the inhibition of BTK signaling. Additionally, in these cellular experiments, it was demonstrated that CC-292 did not inhibit the kinases LYN and SYK, upstream of BTK.
CC-292 abrogated IgM-mediated BCR triggering and induced apoptosis in CLL cells ex vivo. CLL cells isolated from patients were exposed to anti-IgM antibodies (the BCR ligand) in the presence or absence of CC-292. The CLL cells exposed to anti-IgM had improved viability relative to the untreated CLL cells. However, the CLL cells exposed to antiIgM in the presence of CC-292 had decreased viability and went through apoptosis. Immunoblots from this experiment demonstrated an absence of phosphorylation of BTK in the CC-292-exposed cells.
CC-292 was shown to reduce the viability of CLL cells cocultured with NLCs. NLCs, expressing CLL costimulatory molecules, are an ex vivo model of the protective niche of the lymph node microenvironment. Incubating CLL cells with NLC results in improved CLL viability. This was abrogated by the addition of CC-292. Furthermore, the NLC-stimulated production of CCL3 and CCL4, the cell surface receptors for the chemotactic signals CXCL12 and CXCL13, was decreased in CLL cells in the presence of CC-292. Animal studies CC-292 was found to be effective in a number of arthritis animal models, consistent with its proposed effects on B cell function and number. CC-292 was similar to dexamethasone in its ability to prevent the development of arthritis in the peptidoglycan-polysaccharide arthritis model in rats. Female Lewis rats received peptidoglycan-polysaccharide 15 ug/g on day 0. CC-292 was administered daily beginning on day 6 and was found to be equivalent to dexamethasone in its ability to reduce the development of inflammation, as measured by ankle swelling.
CC-292 was also similar to dexamethasone in its ability to improve arthritis scores in a semi established collageninduced arthritis model in mice. Male DBA/1 mice were injected with bovine type II collagen in Freund's complete adjuvant on arthritis day 0 and day 21. CC-292 in increasing doses, dexamethasone, or a control vehicle was injected on day 21, and the mice were followed for the development of arthritis. CC-292 10 mg/kg was similar to dexamethasone in its ability to prevent the development of arthritis, as measured by a clinical arthritis score. The CC-292-treated animals did not appear to have developed joint damage, inflammation, or invasive pannus, when the joints were examined microscopically.
Finally, CC-292 was found to be equally efficacious to dexamethasone in an established collagen induced arthritis model. Male DBA/1 mice were injected with bovine type II collagen in Freund's complete adjuvant on day 0 and day 21. Randomization of the mice occurred after swelling was established in at least one paw. The mice treated with CC-292 10 mg/kg demonstrated similar improvements in a clinical arthritis score compared with the mice treated with dexamethasone. They also had similar improvements in cartilage damage, bone damage, inflammation, and pannus, when investigated pathologically.
Phase IA clinical trial in healthy normal volunteers
Six subjects in each of five different dose cohorts ranging from 0.5 mg/kg to 7 mg/kg were investigated to determine the safety and tolerability, pharmacokinetics, and pharmacodynamics of CC-292. 49 CC-292 was found to be generally safe and well tolerated, with no serious adverse effects and no apparent dose-related trends in adverse events.
CC-292 was highly orally available and rapidly absorbed, with the peak plasma concentrations occurring 20−60 minutes after dosing, with minimal subject-tosubject variability. The averaged area-under-the curve values across the cohorts demonstrated a linear and dose proportional exposure of CC-292. Complete BTK target occupancy was achieved with doses equal to or greater than 2 mg/kg CC-292, with greater than 97% occupancy at 4 hours and recovery toward 50% predose BTK values at 48 hours. The mean plasma concentration reached its maximum value 20−60 minutes after dosing and then rapidly decreased. However, the mean BTK occupancy reached maximal levels at 2−4 hours after dosing and was maintained for at least 8 hours, consistent with covalent binding of CC-292 to BTK. The rapid clearance of CC-292 from the plasma and sustained BTK inhibition is a clinical demonstration of the benefits of a covalently bound therapeutic. In theory, the rapid clearance from the plasma will decrease the potential for off-target effects of CC-292, and the sustained BTK inhibition will decrease the need for frequent repeat dosing.
Phase IB trial in CLL patients and B cell non-Hodgkin lymphoma
Patients with previously treated CLL were administered CC-292 in escalating doses from 125 mg to 1,000 mg daily, and 375 mg and 500 mg twice daily (BID) on a continuous dosing 28-day cycle, until progressive disease or intolerable toxicity. A maximum tolerated dose was not established, and CLL patients have been enrolled in an early dose expansion cohort of 750 mg daily and a second cohort of 500 mg BID.
A total of 78 patients with relapsed or refractory CLL have been enrolled as of May 28, 2013 . Within the group, the median age was 67 years (range 34−89), 54% had Rai stage 3 or 4 disease, the median number of prior therapies was three, and 33% had been refractory to their most recent prior treatment. Poor risk factors were common, including the presence of del11q (23%), del17p (22%), and unmutated immunoglobulin variable heavy chain (IGVH) (53%).
The CC-292 was well tolerated, with a limited number of grade 3 or 4 adverse events, including neutropenia (23%), thrombocytopenia (17%), pneumonia (9%), and anemia (9%). Other common adverse events were diarrhea, fatigue, and nausea.
Nodal responses were seen at all dose levels, with an increase in absolute lymphocyte count. At the dose of 750 mg daily, the proportion with total response, PR, and nodal response with increased absolute lymphocyte count was 48%, 31%, and 17%, respectively. Similar responses were seen with 1,000 mg daily (57% total response, 43% PR, and 14% nodal response with increased absolute lymphocyte count), 375 mg BID dosing (67% total response and 67% PR), and 500 mg BID dosing (70% total response, 20% PR, and 50% nodal response with increased absolute lymphocyte count). In patients receiving BID dosing, the treatment response improved from cycle 2 to cycle 5, consistent with a continued treatment effect. The response rate was similar, despite the presence of poor risk factors, including 17p deletion, 11q deletion, and unmutated IGHV. In summary, despite a limited duration of follow up, the Phase IB experience with CC-292 demonstrated acceptable tolerability and a significant response rate. Based on these findings the recommended dose for the Phase II study of CLL is 500 mg BID. 50 Ongoing trials 
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B cell receptor pathway in chronic lymphocytic leukemia label study is currently looking at the safety and activity of CC-292 in combination with lenalidomide in subjects with relapsed and refractory CLL (NCT01732861). 51 Enrollment began November 2012, and the preliminary data has not yet been presented. Additionally, another Phase IB, multicenter, open label study is investigating the safety and activity of CC-292 in combination with rituximab in the same CLL population (NCT01744626). 52 Enrollment began in December 2012, and the preliminary data of this study has also not yet been presented.
Discussion
Multiple inhibitors of the BCR signaling pathway are in development for the treatment of CLL and other lymphoid malignancies. The early clinical work with these agents has seen remarkable responses, with limited toxicity. In this review, we focused on the recent experience with CC-292, in the context of the evolving experience with BCR signaling inhibition in CLL. CC-292 is a promising inhibitor of BTK, with preclinical data demonstrating specific, covalent binding and inhibition of BTK. The Phase IA study demonstrated excellent oral bioavailability and in vivo inhibition of BTK with acceptable tolerability. In the Phase IB trial in patients with CLL, the safety of CC-292 was confirmed in this population and its activity established, as demonstrated by transient lymphocytosis and a decrease in lymph node size at all dose levels. Of particular note, responses have been seen in patients with poor-risk cytogenetics (17p, 11q, or unmutated IGVH), following the use of BCR pathway inhibitors, including CC-292. With conventional therapy, these patients are often refractory to treatment and at high risk for early relapse, which makes these inhibitors an exciting alternative treatment option for this population with limited options upon disease relapse.
Interestingly the Phase IB study in CLL patients has required higher doses to achieve strong lymph node responses and consistent lymphocytosis. In particular, the change to a BID dosing schedule has enhanced activity. 53 At this early stage of CC-292 development, it remains unclear whether the degree of nodal response in patients with CLL treated with CC-292 is as dramatic as that seen with ibrutinib. Certainly, higher doses have been required. The reason for this difference remains unclear. Possible reasons for the differences may relate to the shorter half-life of the drug, leading to a requirement for BID dosing or to differences in tissue penetration between the two agents -correlative studies, which will address this question, are part of ongoing CC-292 trials. Another possibility is CC-292's increased specificity for BTK, relative to ibrutinib (Table 1) . CC-292 was rationally designed to covalently bind to BTK and has limited effects on other kinases. While ibrutinib is also specific for BTK, it inhibits other kinases at lower concentrations than CC-292. Perhaps, one of these off-target kinases contributes to ibrutinib's efficacy in CLL. Interleukin-2 inducible kinase (ITK) was recently identified as a potential additional therapeutic target of ibrutinib. 54 ITK is an important mediator of T cell receptor signaling, which is essential to the development of a T helper (Th)2 T cell response. In vitro studies and samples obtained from patients with CLL treated with ibrutinib have demonstrated ITK inhibition, with subsequent skewing of the T cell repertoire to a Th1 response. Th1 responses are important for T cell immunity against malignancy and may be directing a T cell response against CLL. It is possible that this or another off-target effect of ibrutinib is contributing to its marked activity.
Following the demonstration of single-agent activity of the BCR pathway-inhibiting agents, recent clinical trials have focused on combining these agents with established chemotherapeutic or immunotherapeutic agents. The rationale of these combinations is to use the BCR signaling inhibitors to force a migration of the malignant cells from their protected lymph node niches so that they can be more effectively targeted with the standard agents. However, given the significant activity of inhibition of a single component of the BCR pathway, there is also a strong rationale for the combination of multiple agents that target different components of the BCR pathway, in order to result in more complete pathway inhibition. The observed toxicity with CC-292 and the other BCR pathway inhibitors has been limited thus far, but the long-term toxic effects of BCR inhibition have not been established. Furthermore, as clinical trials focus on combining multiple different inhibitors of the BCR pathway, the toxicity may increase, or unexpected toxicity may emerge. The increased specificity of CC-292 for BTK may therefore be of benefit in limiting emergent toxic side effects, in combination trials. Frequent grade 1 or 2 ecchymosis and contusions are a common adverse event with ibrutinib, although significant bleeding events are rarely seen. One proposed mechanism is the involvement of BTK signaling in platelets. 55 Early data suggest that patients receiving ibrutinib have a significant inhibition of platelet aggregation in response to collagen but not in response to arachidonic acid or thrombin-receptor activating peptide. 56 The exact mechanism for the increased contusions continues to be investigated and may be related to an off-target effect of ibrutinib. As combination trials proceed, the increased risk 
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Arnason and Brown of bleeding with ibrutinib may become a more significant clinical issue, and in that context, an agent with increased specificity for BTK that does not appear to increase the bleeding risk may become more attractive. In combination studies, CC-292's very specific inhibition of BTK may become its most significant strength, allowing for directed inhibition of BTK with limited effect on other kinases.
As we learn more about the BCR and signaling in CLL, agents like CC-292 will likely become a standard part of the armamentarium in the treatment of CLL. CC-292 binds specifically to BTK and has demonstrated safety and efficacy, in still very early data. Its role as a BCR signaling pathway inhibitor, in what is rapidly becoming a crowded market, is still to be determined in future studies. The primary characteristic that differentiates CC-292 from ibrutinib, the other BTK inhibitor most studied in CLL, is its increased specificity for BTK. However, as the field evolves and more combinatorial trials are performed, CC-292's specificity may become its greatest strength, allowing for the precise inhibition of BTK with limited off-target effects.
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